This paper presents strategies for batteryless energy harvesting powered wireless sensor nodes based on IEEE 802.15.4e standard to join the network successfully with minimal attempts, which minimizes energy wastage. This includes using a well-sized capacitor and different duty cycles for the network joining. Experimental results showed a wireless sensor node that uses a 100 mF energy storage capacitor can usually join the network in one attempt but multiple attempts may be needed if it uses smaller capacitances especially when the harvested power is low. With a duty-cycled network joining, the time required to form a network is shorter, which reduces the overall energy usage of the nodes in joining the network. An energy harvesting powered wireless sensor network (WSN) was successfully formed in one attempt by using the proposed methods.
I. INTRODUCTION
Wireless sensor nodes are increasingly popular for industrial applications especially with the rise of the industrial Internet of Things (IIoT) since they can be easily installed over a wide area or without much disruption on existing assets in a more cost effective manner than their wired counterparts [1] . However, batteries that are commonly used to power wireless devices have limited capacity and are often one of the causes of node failure once depleted [1] . Regular battery replacement is required to keep the nodes working, which is costly and polluting if the used batteries are not properly disposed [2] .
Energy harvesting has emerged to be a potential solution to supply energy to WSNs for perpetual operation [2] . Energy harvesting converts energy sources such as light [3] , fluid flow [4] , vibration [5] , and heat [6] from the ambient environment into electrical energy to power the wireless sensor nodes. The types of energy sources available for harvesting vary with time and locations [7] , which means the harvested energy levels may be different from node to node [8] . Therefore, in many cases, energy harvesting powered wireless sensor become active to send data to the base station only when energy is available [9] , [10] . This may not suit most industrial applications, which prefer a predictable behavior [1] .
One potential solution is to form a well-managed WSN based on the Time Synchronized Channel Hopping (TSCH) technique. TSCH is compliant to the industrial IEEE 802.15.4e standard [11] . A TSCH based WSN may consists of up to 100 nodes and a network manager to control the schedule of the wireless communication among the nodes with a reliability of over 99.999% while consumes about 80% less power than standard IEEE 802.15.4 networks for its communication [14] . Therefore, it is possible to use energy harvesting to power TSCH based WSNs due to their low power requirement.
However, the network join process, which is the first process that the nodes have to complete to form a network is very power hungry. So far, many studies on TSCH-based networks are battery powered [11] - [13] . Attempts to power TSCH nodes using energy harvesting were either unsuccessful [14] or took 12 hours to charge up a 0.33 F capacitor for only 12 s of initial startup [15] . Thus, there is a need to address the network join issues of energy harvesting powered wireless sensor nodes so that the nodes can truly benefit from the abundance of energy in the environments for perpetual operation of WSNs. This paper presents strategies to enable energy harvesting powered wireless sensor nodes to join a network successfully with minimal attempts by incorporating a duty-cycled network join process with an appropriate capacitor size. This reduces the number of times of the network join process that the nodes have to go through, which saves energy especially in low level energy harvesting where the limited energy is unlikely to allow the nodes to keep trying to join the network. A WSN was formed by using SmartMesh IP chips, which are a commercially available platform based on TSCH that have been widely deployed [16] . Energy harvesting from airflow and vibration were each used to power one node that adopts the proposed approaches.
II. PROPOSED METHODS

A. Network Joining Duty Cycle
Network joining of wireless sensor nodes involves listening to the advertisement from the network manager, sending a join request, and waiting for a reply from the network manager before the nodes are finally connected to a network. The time spent by the nodes in any of the three stages of the network joining process is random depending on the structure and characteristic of the network. The network manager can only reply to one node at a time [17] . Therefore, some nodes may stay in one of the three stages until their energy is used up and have to wait until they have enough energy again, especially when there are two or more nodes are trying to join the network simultaneously.
By configuring the network joining process of the nodes to be periodical where the nodes are active or sleeping based on the duty cycle set, there will be time for two things. First, the capacitor can be recharged if there is energy to be harvested when the radio is off. This can keep the nodes powered on for longer with a better chance of joining the network. Secondly, the network manager can communicate with other nodes when the node that was initially attempting to join the network went to sleep. Other nodes that have been powered up would be able to be connected to the network instead of having to wait until the first node has completed its connection in the case of network joining without duty cycle. Energy can be saved as less time is spent on waiting for one node to end its operation.
B. Capacitor Size
Capacitors are generally used to store energy in batteryless systems. A system with an appropriate capacitance C can be selected once the time dt for the capacitor to keep the nodes powered on has been set, the operating voltage range of the system and the average current I consumed by the nodes during the network join process are known, by using (1).
where Vmax and Vmin are the maximum and minimum operating voltage range, respectively.
Equation (1) can also be used to determine the time to charge up a given C from Vmin to Vmax if the current that flows into the capacitor is known. Since it is desirable to charge up a capacitor of the energy harvesting system as soon as possible for the nodes to start, the capacitance chosen should consider a balance between the discharge and recharge time based on the outward and inward current of the capacitor, respectively. For example, if the output power from the energy harvester is high, the current after power conditioning could be sufficiently high to provide the nodes with the amount they required for the network joining or quickly recharged the capacitor if the first network join attempt failed. Thus, smaller capacitances can be used.
III. IMPLEMENTATION AND TEST
The WSN in this work is composed of a DC9001B network manager and two DC9003A-B nodes that have the SmartMesh IP LTC5800 chip [16] . The network manager was connected to a computer to get a steady power supply so that it can do the scheduling task without interruption. The nodes were each powered by energy harvested from vibration and airflow, where both sources are abundant in industrial environments. Fig. 1 shows the energy harvesting powered node that consists of an energy harvester, an optional rectifier for AC input, a power management circuit (PMC), an energy storage device, an energy-aware interface (EAI), and a wireless sensor node [9] , [10] . The rectifier converts AC voltage from a M8528-P2 macro-fiber composite (MFC) [18] , which is bonded on a carbon fiber composite as the vibration energy harvester (VEH) into DC. The airflow energy harvester (AEH) consists of a turbine and a DC generator [4] , which does not require rectification. The PMC converts the voltage from the energy harvesters to up to 3.3 V to charge up the energy storage device, which is a capacitor. The PMC has a maximum power point controller to enable maximum power transfer from the energy harvesters to the capacitor [19] . For the VEH, which usually generates high voltage, a buck topology is used [9] , [10] , [20] , while for the AEH, which usually has low output voltage [4] , a boost topology is used in the PMC. The EAI keeps the wireless sensor node disconnected from the capacitor so that energy can be accumulated [21] . Once the capacitor voltage reaches 3.15 V, the EAI connects the node to the capacitor, which subsequently turns on the node [22] . The node stays active until the voltage drops to 2.25 V, and then the EAI disconnects the node from the capacitor again to allow the capacitor to be recharged to 3.15 V.
A. System Design
B. Testing Methods
The first test was to study the effect of duty-cycle on the network joining. The two nodes were set to join the network at the same time with the same duty cycle of 100% first, and then with 50%. The duty cycle was configured by setting the 'joindc' parameter of the LTC5800 chip as 128 for 50% and 255 for 100% [23] . The time required by the nodes to be connected to the network successfully at different duty cycles were compared. The nodes were powered by the power supply since the time required by the nodes to join the network could be very long where energy harvesting might not be able to sustain it. 50 measurements were taken from each node in each test to determine the probability of joining the network successfully.
Then, different capacitances were used in this experiment to determine their effect on the network joining. Only the VEH was used to power one node because it is easier to simulate low power conditions using the MFC that usually has high output voltage above the minimum operating voltage of the buck converter [24] . Peak-to-peak strain levels at 10 Hz were applied onto the VEH using an Instron E-10000 machine. The strain and frequency range used is typical for structures such as bridges [25] , frame structures [26] , and aircrafts [27] . The number of attempts and time required by the wireless sensor node to join the network in each of the tested conditions were measured. Up to 4 attempts will be recorded in each scenario before the measurement is stopped as a node is considered lost by the network manager after 5 retries [23] .
Finally, an energy harvesting powered WSN was formed by two nodes that were each powered by AEH and VEH. Different network join duty cycles and capacitors were used to study their effects on the network joining process. The Instron E-10000 machine was set to apply a peak-to-peak strain level of at 10 Hz onto the VEH. A wind generator with tunable airflow speed was used to generate airflow towards the AEH. The output power from the AEH was varied to charge up the capacitor of the node at different rates according to the intended tests. Fig. 2 shows the distribution of the nodes that join the network successfully within certain timeframe without considering the sleep time. The sleep current is very low if compared with other processes. Therefore, the sleep time can be disregarded here since it can be considered negligible in terms of energy usage. If the sleep time was considered, the network join time using the duty cycle of 50% would almost double.
IV. RESULTS AND DISCUSSION
A. Network Join Duty Cycle
When two nodes begin to join the network at the same time at 100% duty cycle, the occurrences of joining the network successfully in 6 s is relatively high, but it could also take more than 30 s. When the duty cycle is reduced to 50%, the energy intensive process during the network join reduces to 27 s. Still using the duty cycle of 50% but with one of the nodes begin the network join later by 2 s, a greater improvement was achieved. The energy intensive process reduces to a minimum of 2 s to less than 22 s. This indicates the gap time of a node with a dutycycled network joining process allows the network manager to communicate with the other nodes, which reduces the waiting time and increases the chance of the other nodes to be connected to the network sooner while they still have the energy.
In all 3 cases, the number of occurrences that the nodes joined the network successfully within 15 s is relatively high. Therefore, a capacitor that can supply energy to the nodes for at least 15 s during the network joining process is preferable. 
B. Capacitor Values
The most power hungry process during the network join process of a TSCH node is the listening process, consuming around 5.5 mA of current [15] . C of 92 mF is obtained by substituting the values of 15 s, 5.5 mA, 3.15 V, and 2.25 V into dt, I, Vmax, and Vmin in (1), respectively. Therefore, a 100 mF capacitor was chosen after some possible tolerances is taken into account. For comparison purposes, two other capacitors of 33 mF and 50 mF were also used. Since there was only one node, a join duty cycle of 100 % was used.
In the first test where a peak-to-peak strain level of 2 Hz was applied onto the VEH, the wireless sensor node could not join the network in all the four attempts when the capacitor of 33 mF was used as shown in Fig. 3(a) . This is because that capacitor can only supply energy for a short period of time to the node to join the network. However, the node joined the network successfully in the fourth attempt using the 50 mF capacitor and in one attempt using the 100 mF capacitor, as shown in Figs.  3(b) and (c), respectively. Once the nodes are connected to the network, the capacitor voltage drops at a slower rate than in the network joining process until it reaches 2.25 V. This is because the output power of the power management circuit is 86.7 μW when the VEH was excited by a peak-to-peak strain loading of . This power is less than the minimum requirement for sensing and transmission of about 200 μW [11] . The nodes were then disconnected from the capacitor by the EAI to allow the energy to be accumulated in the capacitor.
When a higher peak-to-peak strain level of 600 10 Hz was applied onto the VEH, the output power from the power management circuit is 2.53 mW. This time, the node managed to join the network successfully with all the different capacitors used. Fig. 6(a) shows it still requires several attempts using the 33 mF capacitor. This agrees with the previous test that a smaller capacitance holds less energy that can only power the nodes for a short network join process, which usually has a lower chance of connecting to the network successfully. However, in this case, the energy used by the nodes comes from the capacitor and the higher power from the VEH. This increases the time of powering the node and the chance of joining the network successfully than the test that uses the lower strain level and frequency. Results in Figs. 6(b) and 6(c) show the wireless sensor node can join the network successfully in one attempt using the 50 and 100 mF capacitors, respectively. The larger capacitors can store more energy to allow the nodes to stay in the network joining process for a longer time, which increases the chance of joining in one attempt. Once the wireless sensor nodes have joined the network successfully, they proceed to do the sensing and communication tasks. This time the energy is enough for the operations of the nodes with surplus energy to charge the capacitors at the same time as indicated by (i) in all three cases. The capacitors were eventually charged to 3.3 V as indicated by (ii) while the node continues to operate. As the power from the energy harvester is usually too low to sustain the network joining of the node directly or quickly recharge a capacitor for another attempts, the 100 mF capacitor that can provide energy to the node for a time that is usually long enough to join the network in one attempt is a reasonable choice.
C. Energy Harvesting Powered WSN
Finally, based on these findings, the two energy harvesting powered nodes were designed with 100 mF capacitors and a join duty cycle of 50%. Fig. 5 shows that the nodes can join the network in a relatively short time with just one attempt. An enlarged view of the measurements shows that the capacitor is recharged when the nodes go to sleep. This shows a duty-cycled network join process indeed allows the energy storage device to be replenished when the nodes go to sleep. For comparison purposes, other test conditions were also used as summarized in Table I . It can be seen that the nodes can quickly form the network using the proposed methods while they failed in other conditions. 15 .4e standard has been presented. Two different energy harvesters namely, airflow and vibration were each used to power up a wireless sensor node to form the WSN using the proposed approaches of duty-cycled network joining with an appropriate capacitor size. Experimental results show that duty-cycled network joining is beneficial when there are more than one nodes that need to connect to the network. The network can be formed quicker than those with a 100% network join duty cycle. Appropriate sizing of the capacitor is also essential so that the energy provided to the node is enough to join the network from the first attempt. By using a 50% network join duty cycle and a 100 mF capacitor, the AEH and VEH powered wireless sensor nodes formed a WSN in just one attempt successfully. Once the nodes have connected to the network, the energy harvesters can provide sufficient energy for perpetual operation of the wireless sensor nodes and recharge the capacitor simultaneously.
